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Fig 1.10 Experimentally captured cool flame image and numerical results of major species
distribution and heat release rate (HRR) [25].
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100 s7!, respectively [34].
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Fig 1.15 Ignition delay time calculation of DME/Oxygen mixture with and without ozone addition.
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Fig 1.18 HCHO, DME, and CO concentration of the weak flame formed on the different
wall surface wall material [58, 59]. The experimental results are compared to the 2-D nu-

merical results with and without the newly suggested heterogeneous reactions.
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Table 2.1 Recently proposed DME reaction mechanisms including the low-temperature chemistry.
Mechanism Carbon | Species | Reaction | Institute | Year Ref.
AramcoMech 1.3 4 253 1542 NUI 2013 | [9, 53]
AramcoMech 2.0 5 493 2716 NUI 2016 | [9, 10]
Reduced AramcoMech 2.0 2 86 490 - 2017 -
CH,4/DME 2014 3 113 710 NUI 2014 [10]
UCSD model 2 55 261 UCSD | 2015 [62]
Zhao et al. model 2 55 290 PU 2008 [52]
Kurimoto et al. model 2 55 290 PU 2015 [51]
(Updated from the above)
Dames et al. model 3 120 711 MIT 2016 [63]
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Fig 2.2 Reaction rate of R, RO,, and QOOH radicals decomposition versus temperature for
4 different reaction models.
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Fig 2.3 Premixed DME/Oxygen cool flame calculation results of the (a) temperature, (b)
DME mole fraction, and (c) HCHO mole fraction profiles.
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Fig 2.4 Calculation strategy in the arc-length continuation method.
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Fig2.5 S-curve concept of flames. HFE, HTI, CFE, and LTI indicates the hot flame extinc-
tion, high temperature ignition, cool flame extinction, and low temperature ignition, respec-

tively.
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Fig 2.6 Bifurcated or stretched cool flame branch in the S-curves. The right graph shows
magnified results for 4 different reaction models.

gobobboooobobtoooobooboboooobobboooonbboooonoog

223 O00O00O0OO0OOOO0OOODOO

0000000O0oo0oog
0000000000000000000000000000000AramcoMech 1.3 0
000000000000 000000000000000000000000500~700K
000000000 02~0500000 Scurve J0000000O000O000 270000
0000000000 S5000600KOO000000000000000000000000
000000000000 00000000000000000000000000000
000000000000000000000000000000000000000
000000000000 00000000000000000000000000 20K
0000000000000 000000000000000000O00 DME/O,/03/N,
0000000000000 00000 [38]0000000.1220000000 800KOO

gobbobooooooboooobbbooobobobuoooobobooouooboogn
goooo

uoboobooooooobod
028000000 700KO0000 02~050000000000000000 S-curve
OO0o000bOOobOoosOooO0ob00obO0o0obO0bDO0bDOoDOoOOobOU0oOobDOobOoDOoDO



020 0O0000DOOO0O0O0 27
¢=0.2
Z 800 < 80
et o
> >
® 750 ® 7501
5 ]
5 T,=7T00K | &
o 700 A o 700F----- =03 —y
: : | o
E 650 E 6501
E Tw=500 K £
g 600 l l L TW|=600 K g 600 L L L L
0 50 100 150 200 250 0 50 100 150 200 250
Strain rate[s’] Strain rate[s’]

Fig 2.7 Effects of the (left) wall temperature and (right) equivalence ratio on the shape of S-curves.
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Fig 2.8 Separation of the S-curve occurred with the low equivalence ratio condition. The
right graph is the magnified cool flame branch with the equivalence ratio of 0.2-0.5.
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Fig 2.9 (a) Temperature, and (b) DME and HCHO mole fraction profiles of two distinct
cool flames affected by the nozzle outlet velocity.
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Fig 2.10 Stretched cool flame branch with identified HTI, CFE, and van’t Hoff points.
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Fig 2.12 Maximum flame temperature and HCHO/OH mole fractions for (a) hot and (b)
cool flames as a function of the equivalence ratio.
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Fig 2.13 Design of the two dimensional calculation domain with the mesh.
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Table 2.2 Applied schemes in the 2-D simulation using Fluent software.

Discretization Item Scheme
Temporal Pressure-velocity SIMPLE
coupling (Semi-Implicit Method for Pressure-Linked Equation)

Spatial Gradient Least squares cell-based

Spatial Pressure Second-order

Spatial Momentum Second-order upwind

Spatial Energy Second-order upwind

Spatial Species Second-order upwind

(a) Wall

=
E‘ 2.0 —— 2-D calculation
= —— 1-D calculation
T's 3_0 1 1 1
i 300 400 500 600 700
— = Flame temperature [K]
2 =300 . 700 K g (b) Wall
< I HCHO mole fraction < 0.0
I —————— < I
g 10 /
Z
= a0l
30 ' HCHO DME
0.00 0.02 0.04 0.06

» N
0 9.1x1073

Mole fraction [-]

Fig 2.15 Comparison of the (a) flame tem-
perature and (b) DME/HCHO mole fraction
between one- and two-dimensional numerical

Fig 2.14 Two dimensional distribution of the
temperature and HCHO mole fraction calcu-

lated with Kurimoto et al. model. )
calculation.
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Fig 2.16 Comparison of the (a) flame temperature and (b) HCHO concentration calculated
with 4 different reaction models at ¢=0.2 and v,=50 cm/s.
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Fig 2.18 Comparison of the HCHO concen-

Fig 2.17 Comparison of the HCHO concen- tration in the radial direction at 1 and 3 mm

tration on the center axis.
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Fig 2.19 Design of the two dimensional calculation domain including an inlet for the co-
flow. Note that the nozzle contraction part is not shown.
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Fig 2.20 Axial and radial velocity profiles compared between flow fields with and without the co-flow.
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Fig 2.21 Comparison of the axial velocity profile at the (a) nozzle exit and (b) center axis.
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Fig 2.23 Comparison of the (a) HCHO concentration and (b) temperature distribution 0-3

mm away from the wall.
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Fig 3.1 Outline of the contraction nozzle.
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Table 3.1 Parameters for the designed contraction nozzle.

Parameter Value
Inlet diameter, d; 35 mm
Outlet diameter, d,, 10 mm

Nozzle length, L 40 mm

Connecting position, z; | 20 mm
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Fig 3.2 Cross section of the designed nozzle burner consisting of 5 parts.

Fig 3.3 Photograph of the assembled nozzle burner with the gas introducing parts.
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Fig 3.4 Photograph of the heating plate before completely assembled with (a) two spirally-
wired heaters and (b) a separable brass disk plate.
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Fig 3.5 Photograph of the completely assemble nozzle burner and the heating plate.
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Fig 3.6 Temperature difference between the measured results with a thermocouple at 1 mm
away from the wall and with thermography.
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Table 3.2 Parameters for flow velocity measurements.

Condition #1 #2

Carrier gas flow rate 2 SLM 2.5 SLM

Estimated mean velocity | 42.4 cm/s | 53.1 cm/s
Reynolds number 300 380

322 O00O00O0OO0O0O
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Fig 3.7 Schematic of the LDV system to measure velocity profiles at the nozzle outlet. Seed
particles simultaneously stirred and heated were blown by the flow rate-controlled nitrogen
gas, and then introduced to the nozzle.
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Fig 3.8 Example of the measured axial velocity histogram under condition 2.
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Fig 3.9 Axial velocity profile measurement results. The left and right are corresponding to
the condition 1 and 2 in table 3.2, respectively.
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Fig 3.10 Schematics of the flow visualization system for capturing flow cross-sections from
the top (left) and front (right) directions.
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Fig 3.11 Captured image at (a) 5 mm and (b) 10 mm from the nozzle tip. The lefts are
intensity-modified images after 100-shot averaged, and the rights are filtered ones.
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Fluent simulation . HCHO-PLIF measurement result

Fig 3.12 Cross-section images including the nozzle center axis observed from the front
direction. Both of 2-D simulation (left) and HCHO-PLIF measurement (right) results are

compared.
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Fig 3.13 A shape of impinged flow compared between the numerical and experimental results.
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Fig 3.14 Schematic of the HCHO-PLIF measurement system.
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Table 3.3 Parameters for the HCHO-PLIF measurement.

Parameter Value
Laser intensity ~35 mJ/pulse
Pixel number 2048 x 512

Spatial resolution | ~0.04 mm/pixel

Exposure time 100 ns

Fig 3.15 Photograph of the HCHO-PLIF measurement system.
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Fig 3.16 Molar concentration of the bubble HCHO versus temperature.

Fig 3.17 Photograph of the chamber to store the concentration-controlled HCHO.
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Fig 3.18 Schematic of the experimental setup to measured the LIF signal intensity and with
the HCHO bubbling system.
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Fig 3.19 Measured laser intensity versus
flash lamp Q-switch delay time in the Nd: YAG
laser system.

Fig 3.20 Linearity of the captured LIF inten-
sity against the excitation laser intensity.
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Fig 3.21 Correlation between the LIF intensity and the HCHO molar concentration con-

trolled by adding a nitrogen dilution gas.
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Dashed lines corresponds to the fitted curves.
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Fig 3.24 Example of the compensation using HCHO and O, profiles acquired from the
numerical simulation at the position from (a) Imm and (b) 3 mm away from the wall.
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Fig 3.25 Schematic of the automatic temperature measuring system. A K-type thermo-
couple with diameter of 0.3 mm and motorized axis stages are used for the temperature
measurement and for the traverse, respectively.

Table 3.4 Parameters for measuring the temperature distribution.

Condition | Mode Traverse direction | Scan width | Interval | Num. of Meas. time
#1 Scan Radial (r) 0-35 mm 0.5 mm 100
Axial (x) 0-8 mm (~5 min)
#2 Precise Radial (r) 0-35 mm 1.0 mm 1000
Axial (x) 1-3 mm (~1 sec)
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Fig 3.26 Schematic of the GC analysis system with a multi-axis traverse stage.

Table 3.5 Parameters for GC-TCD measurment.

Temperature | Pressure | Flow rate

Carrier gas 200 °C 100 kPa | 14 mL/min
Sample gas 140 °C 300 kPa | 30 ul/min
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Fig 3.27 GC-TCD intensity as a function of the CO mole fraction.
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Fig 3.28 Photograph of the GC analysis system. A sampling domain between the nozzle

tip and the wall was magnified.
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Table 4.1 Initial flow rate condition to ignite and stabilize the cool flame.

DME | O, N»

Flow rate [SLM] 0.147 | 221 | 2.0
Mean velocity [cm/s] 50 ~14
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Fig4.1 Surface temperature increase measured in the center of the heating plate after intro-
ducing DME.
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Fig 4.2 Captured HCHO-PLIF image and its treatment process. Continuously acquired

100 (a) single shots are (b) averaged after compensating the laser energy and subtracting the
background imagev fr4. (c) is a contour plot normalized by the maximum intensity.
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Fig 4.3 Radial distribution of the HCHO Fig4.4 Axial distribution of the HCHO con-
concentration in the wall-parallel direction at centration in the wall-normal direction at the
the position of 0.5, 1, 2, and 3 mm away from center axis and 10, 20, 30, and 35 mm away
the wall. from it.
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Fig 4.5 Contour plot of the wall-stabilized cool flames with a varied equivalence ratio from
0.03 to 0.5. The LIF signals were normalized by using either the maximum intensity of (a)

the total results or (b) each result.
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Fig 4.6 Contour images of HCHO distribution in the cool flame when the nozzle outlet
velocity varying from 20 to 100 cm/s. The results under the equivalence ratio of (a) 0.2 and

(b) 0.5 are shown.
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Fig4.7 Maximum HCHO concentration as a Fig 4.8 Maximum HCHO concentration as a
function of the equivalence ratio. function of the nozzle outlet velocity.
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Fig 4.9 HCHO concentration with the equivalence ratio of 0.2 and 0.5 when the nozzle
outlet velocity is (a) 50 cm/s and (b) 30 cmy/s.
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Fig 4.10 Normalized HCHO concentration of the results shown in Fig. 4.9.
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Fig 4.11 Radial distribution of the CO concentration at 1 mm away from the wall.
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Fig 4.12 Contour plots of the measured flame temperature at the equivalence condition of
0, 0.2, and 0.5 with standard errors.
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Fig4.13 Measured flame temperatures compared to the non-reacting condition at positions
from 1, 2, and 3 mm away from the wall.
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Fig 4.14 Radial temperature profiles of the non-reacting flow when the nozzle outlet veloc-

ity is 50 cm/s.
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Fig4.15 Comparison of the radial temperature profiles at 1.3 mm away from the wall when
the equivalence ratio is (a) 0.2 and (b) 0.5.
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Fig 4.16 Normalized HCHO concentration at (a) 1 mm and (b) 2 mm away from the wall

when the nozzle outlet velocity is 50 cm/s. The markers and lines show experimental data

and numerical results calculated with 4 different reaction models, respectively.
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Fig 4.17 Normalized HCHO concentration at (a) 1 mm and (b) 2 mm away from the wall

when the nozzle outlet velocity is 30 cm/s. Legends are identical to the above graphs.
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Fig4.19 Comparison of the CO distribution between the experimental results and numerical

estimations calculated with 4 different reaction models.
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Table 5.1 Parameters for the deposition of SiO, and Al,O3 using ALD (Matl., Exp., and
Prg. indicate material, exposure time, and purge time, respectively).

Target || Temp. | Pressure Precursor 1 Precursor 2
Matl. Exp. Prg. | Matl. | Exp. Prg.

Si0, 250°C | ~1torr | TDMAS | 28 sec | 13 sec O3 7sec | 13 sec
AlLO;3 || 250°C | ~1 torr TMA - 3sec | H,O - 3 sec

Table 5.2 Parameters for the sputtering process (T/S: target to substrate).

Target Power Temp. | Pressure | T/S distance Rate

Ni 300 W (DC) R.T. 1Pa 100 mm ~30 nm/min
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Fig 5.1 HCHO distribution in the cool flame formed on either of the SiO, or Ni surface

when the nozzle outlet velocity is 30 cm/s.
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Fig 5.5 Comparison of the flame temperature on the SiO, and Ni surface when the nozzle
outlet velocity is v,=50 cm/s.
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Fig 5.6 Comparison of the heat release rate evaluated from 4 models through 1-D analysis.
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Table 5.3 Radical recombination model. B(s) is a bare site on the surface.

# Reaction So A
1 CH; + B(s) = CHj(s) 1 -
2 H + B(s) = CHj(s) 1 -
3 OH + B(s) = OH(s) 1 -
4 O +B(s) = O(s) 1 -
5 | HO, + 2B(s) = OH(s) + O(s) | 1 -
6 H,0, + 2B(s) = 20H(s) 1 -
7 2CHj;(s) = CoHg + 2B(s) - | 3.7x10%!
8 2H(s) = H, + 2B(s) - | 3.7x 107!
9 | 20H(s) =H,0+O0(s)+B(s) | - | 3.7x10%!
10 20(s) = 02 + 2B(s) - | 3.7x10*
11 | CH3(s) + H(s) = CH; +2B(s) | - | 3.7x10%!
12 | OH(s) + H(s) = H,O+2B(s) | - | 3.7x10?!
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Fig 5.7 Distribution of (a) OH, (b) HCHO and CO with and without the surface reaction of table 5.3.
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